ABSTRACT Fowl adenovirus serotype 4 (FAdV-4) is the causative agent of hydropericardium syndrome (HPS), which is characterized by the accumulation of a clear, straw-colored fluid in the pericardial sac, and high mortality rates. In order to explore the mechanism of FAdV-4-induced cardiac damage, dynamic pathology, apoptosis, and inflammatory reactions were analyzed in vivo. Moreover, we detected viral proliferation, and ultrastructure, inflammation and apoptosis of cardiomyocytes (CM) after FAdV-4 infection in vitro. The results showed that FAdV-4 impaired cardiac integrity and function by causing apoptosis and inflammation in vivo. Flow cytometry showed that CM infected with FAdV-4 did not show apoptosis in vitro. In addition, the mRNA expression of four inflammatory cytokines (interleukin (il)1B, il6, il8, and tumor necrosis factor), and activity of three myocardial enzymes were significantly different between FAdV-4 and control groups. However, in vitro, these indexes showed no significant difference between the groups. These observations collectively indicated that the heart was not the target organ of FAdV-4, and the virus may not directly lead to the occurrence of CM apoptosis and inflammation. To explore the source of pericardial effusion, we measured total protein, albumin, aspartate aminotransferase, creatine kinase isoenzyme, lactate dehydrogenase, potassium, sodium, and chloride ions in serum and pericardial effusion. Pericardial effusion was derived from vascular exudation rather than CM degeneration. Further studies are needed to investigate the exudation mechanism of vascular endothelial cells in FAdV-4 infection then weakened or eliminated pericardial effusion to minimize heart injury and/or restore damaged CM.
INTRODUCTION
Adenoviruses (AdV) are non-enveloped doublestranded DNA viruses that belong to the family Adenoviridae. Adenoviridae is currently divided into five genera: Mastadenovirus, Aviadenovirus, Atadenovirus, Siadenovirus, and Ichtadenovirus (Harrach and Kaján, 2011; Harrach et al., 2012) . Fowl adenoviruses (FAdV) belong to the genus Aviadenovirus and are grouped into five species (FAdV-A to FAdV-E), based on restriction fragment length polymorphisms of the full FAdV genome (Hafez, 2011) , and 12 serotypes (FAdV-1 to FAdV 8a and −8b to 11), by crossneutralization tests (Hess, 2000) . FAdV are implicated in a wide range of avian diseases, including inclusion body hepatitis (IBH), hydropericardium syndrome (HPS), and gizzard erosion (Domanska-Blicharz et al., 2011) . FAdV serotype 4 (FAdV-4) is the causative agent of HPS (Lobanov et al., 2000; Schachner et al., 2014; et al., 2016) . HPS is characterized by the accumulation of a clear, straw-colored fluid in the pericardial sac, as well as acute and hemorrhagic hepatitis and high mortality rates (20% to 70%) (Niu et al., 2016 , Ruan et al., 2018 . There are many clinical reports of FAdV infections (Ojkic et al., 2008; Choi et al., 2012; Mittal et al., 2014) , and the numbers of HPS cases have increased in the Chinese poultry industry, including in broilers, domestic chickens, and layers Niu et al., 2016) . Previous studies have focused on epidemiology, pathogenesis, diagnosis, and vaccination strategies (Niu et al., 2016; Li et al., 2017; Meng et al., 2018; Ruan et al., 2018) ; however, the potential mechanism underlying such pericardial effusion is not clear. We have previously found that heart failure may be the main cause of high mortality in chickens (Niu et al., 2017) .
Heart failure is a complex clinical syndrome that reduces cardiac function (McMurray et al., 2012; Yancy et al., 2013) . Within the heart, cardiomyocytes (CM) represent the most important functional cell type, and cardiac fibroblasts (CF) are one of the most abundant other cell types (Piek et al., 2016) . In human heart disease, the CM-CF interaction affects myocardial function in diabetes and sepsis (Tao et al., 2015; Ulland et al., 2015) . In addition, the NLRP3 (NOD-like receptor family pyrin domain containing 3) inflammasome predominantly exists in CF, and inappropriate activation of NLRP3 in CF contributes to myocardial dysfunction (Zhang et al., 2014) . The NLRP3 inflammasome is an intracellular multiple-protein complex that controls the maturation and release of interleukin (IL)-1β and IL-18. IL-1β is a cytokine that is an important factor contributing to myocardial dysfunction (Fallach et al., 2010) .
In the present study, we used in vivo and in vitro experiments to explore the mechanism of FAdV-4-induced heart damage, to determine whether it involved apoptosis, an inflammatory response, and formation of pericardial effusion. Our results suggested an effective strategy to minimize cardiac injury and restore damaged CM.
MATERIALS AND METHODS

Ethics Statement
The animal experiments were approved by Shandong Agricultural University Animal Care and Use Committee (permit number: SDAUA-2015-003). The experiments were performed in accordance with the regulations and guidelines established by this committee.
Virus
The FAdV-4 strain used in the present study (SDDM-4/15) was isolated from a liver sample of a broiler chicken during a recent HPS outbreak in China. Genotyping revealed that it belonged to serotype 4 (Niu et al., 2016) and that it showed no contamination of avian reticuloendotheliosis virus, infectious bursal disease virus, chicken anemia virus, and Marek's disease virus, as determined by the polymerase chain reaction (PCR) or reverse-transcription (RT)-PCR. The virus was cultured in the chicken hepatocellular carcinoma cell line (LMH; ATCC CRL-2117) that was obtained from the American Type Culture Collection (Manassas, VA, USA). A viral titer of 10 7 tissue culture infective dose in 0.2 mL was used to inoculate chicks.
Cell Culture and Viral Infection
CM were isolated from 11.5-d-old specific-pathogenfree (SPF) layer embryos. Harvested hearts were minced, digested and washed, and the cells were suspended in Dulbecco's Modified Eagle's Medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 20% (v/v) fetal bovine serum (FBS; BI, Israel). The CM were enriched by differential adhesion methods to remove contaminating cells (CF and endothelial cells readily adhered, while CM did not). The nonadherent cells were removed and cultured in DMEM supplemented with 20% FBS. CM were seeded into sixwell plates (3.5 × 10 6 cells per well). After 36 h, cells were infected with FAdV-4 at a multiplicity of infection of 500 for the indicated time points. At 6, 12, 24, 36, 48 , and 72 h post-FAdV-4 infection, the cells were collected for quantitative polymerase chain reaction (qPCR) to analyze the mRNA expression of four inflammatory cytokines; after 72 h of infection, the cells were observed with transmission electron microscopy and indirect immunofluorescence assays to analyze the ultrastructure and virus proliferation; at 24 and 60 h post infection, the cells were collected for flow cytometry to observe apoptosis.
Animal Experiments
Seventy seven-day-old SPF layers were divided randomly into two treatment groups, 25 in the control group and 45 in the FAdV-4 group, and housed in separated isolators. The birds in the infected group were inoculated subcutaneously with 0.2 mL SDDM-4/15 at 7 d of age. All chickens had free access to feed and water and were handled according to appropriate biosecurity guidelines. The trial lasted 5 d. At 1, 2, 3, 4, and 5 d post-infection (dpi), 10 live chickens from each group (five chickens per replicate) were chosen randomly and killed. In experiment, the dead chicken in FAdV-4 would not be considered.
Postmortem Analysis
Hearts from chickens were fixed in formalin and embedded into paraffin blocks. The paraffin blocks were sectioned (4 μm) for hematoxylin and eosin staining. Samples of heart and hydropericardium were collected to determine the viral load by qPCR. The lungs, kidneys, and brain were collected to analyze the ratio of wet weight and dry weight.
In Situ Apoptosis Detection
The in situ labeling of heart and CM samples was performed using a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay with commercial kits (BOSTER, Wuhan, China).
Biochemical Assays
Prior to killing, blood was collected from the jugular vein of the birds. Serum was separated to determine the viral load by qPCR, and the values of the following clinical chemical analytes were investigated by a fully selective clinical chemistry analyzer (Roche Diagnostics, Shanghai, China): total protein (TP), albumin (ALB), aspartate aminotransferase (AST), creatine 
Total RNA Extraction and Real-time qPCR
Total RNA was extracted from the livers and LMH cells with TRIzol reagent (Takara, Dalian, China). First-strand cDNA was synthesized from 1 μg total RNA using the One-step RT-PCR Kit (Roche). All products were stored at −20
• C prior to further use. Real-time qPCR oligonucleotide primers for immune-related genes and β-actin were designed using Primer 6.0 software (http://bioinfo.ut.ee/primer3-0.4.0/), based on the published GenBank sequences (Table 1 ). The qPCR was performed using the UltraSYBR Mixture (High ROX; CWBIO, Beijing, China) and the ABI StepOne System (Applied Biosystems, Foster City, CA, USA). qPCR was conducted in a total volume of 20 μL, and the amplification steps consisted of 95
• C for 10 min, followed by 40 cycles of denaturation at 95
• C for 15 s and extension at 60
• C for 1 min, followed by dissociation curve analysis. Each sample was analyzed in triplicate. Data were calculated based on the 2 −ΔΔ Ct method. Relative mRNA expression was normalized to that of β-actin.
Statistical Analysis
All data are expressed as the mean ± standard deviation (SD). Statistical comparisons were analyzed by independent-sample t-tests and one-way analysis of variance (ANOVA) using SPSS Statistics for Windows, version 20 (SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.
RESULTS
FAdV-4 Impaired Cardiac Integrity and Function
FAdV-4-infected chickens showed severe clinical signs starting at 3 dpi, with hydropericardium ( Figure 1 ). Histological analysis showed that interstitial vascular dilation and widening of the gap between myocardial fibers became more severe over time. There was no obvious pathological change in the myocardial tissue from the control and FAdV-4 groups at 1 dpi ( Figure 2A) . Levels of AST, LDH, and CK in serum and pericardial effusion were significantly higher at 3 to 5, 4 to 5, and 4 to 5 dpi, respectively, in the FAdV-4 group, as compared to the control group. Activity of the enzymes did not differ between serum and pericardial effusion ( Figure 2B-D) .
FAdV-4 Induced Heart a Severe Inflammatory Response
To understand the inflammatory response of the heart caused by FAdV-4 infection, four cytokine genes (il1B, il6, il8, and tnfα) were chosen for detection and analysis. The mRNA expression of the four genes was up-regulated in the heart (Figure 3) . The mRNA expression of il1B was up-regulated by 19.30-fold at 4 dpi, , (B) il6, (C) il8, (D) tnfα mRNA levels. The y axis represents the fold change in target gene expression in heart compared with that of the control and the above line (y = 1) on the x axis represents the control. Data are expressed as mean ± SD (n = 5 chicken per group). Asterisks indicate significant differences (P < 0.05, by one-way ANOVA).
which was significantly different from the control (P < 0.05, Figure 3A) . The mRNA expression of il6 was upregulated by 25.84-fold at 3 dpi, which was significantly different from the control (P < 0.05, Figure 3B ). There were significant increases (P < 0.05) in il8 and tnfα gene expressions of infected FAdV-4 chickens from 2 to 3 dpi compared with the uninfected group ( Figure 3C  and D) . . Viral load in heart, pericardial effusion, and serum. Mean ± SD (n = 5 chicken per group) of the viral genome copies per reaction (log10) in heart, pericardial effusion, and serum. Asterisks indicate significant differences (P < 0.05, by one-way ANOVA).
Viral Load
At 1 dpi the viral load in the heart of chickens could be detected and at 5 dpi the viral load was detected at 10 5.57 copies/μL. At 3 to 5 dpi, the chickens in the FAdV-4 group had pericardial effusion and the viral load in the effusion fluid was detected at about 10 6.24 copies/μL. Viremia increased and maintained about 10 6.78 copies/μL at 3 to 5 dpi. Viral load in serum and pericardial effusion showed significantly higher levels than in heart at 2 to 5 and 3 to 5 dpi, respectively. However, there was no significant difference in viral load between serum and pericardial effusion at 3 to 5 dpi (Figure 4) .
FAdV-4 Induced Heart Apoptosis
To ascertain the presence of heart apoptosis during the formation of pericardial effusion, we performed in situ apoptosis detection. TUNEL staining showed that apoptotic cardiac cells were seen at 3 and 5 dpi compared with the control group, and in a time-dependent manner ( Figure 5 ).
FAdV-4 Led to the Decrease of Plasma Osmotic Pressure
To clarify the causes of pericardial effusion, we detected the vascular ion osmotic pressure and the colloid osmotic pressure. Vascular ion osmotic pressure showed that significantly higher levels of K + were observed in the FAdV-4 than control group at 2 to 5 dpi ( Figure 6A ), although there was no significant difference for Na + and Cl − ( Figure 6B and C). The vascular ion osmotic pressure did not change greatly. Colloid osmotic pressure showed significantly lower TP and ALB in the FAdV-4 than control group at 3 to 5 and 4 to 5 dpi, respectively ( Figure 6D and E). There was a significant decrease in colloid osmotic pressure at 4 to 5 dpi. In addition, pericardial effusion also contained these five components, which did not differ significantly from the levels in serum (Figure 6 ). 
FAdV-4 Caused the Edema of Other Organs
Gross pathology showed that the lungs and kidneys from FAdV-infected chickens were enlarged and had more edema and congestion compared with the control chickens ( Figure 7A and B) . The ratio of wet weight and dry weight in the lungs of the FAdV-4 group was significantly higher than in the control group at 3 to 5 dpi. The ratio of wet weight and dry weight in the kidneys of the FAdV-4 group was significantly higher than in the control group at 4 to 5 dpi. However, the brain showed no significant difference compared with the group control ( Figure 7C ).
FAdV-4 Could not Cause Severe Damage to CM
To verify whether FAdV caused direct damage to CM, we located the virus in CM by indirect immunofluorescence assay after 72 h of infection. There was no difference between the cells infected with FAdV-4 and the control group, and there was no specific green fluorescence in the infected cells ( Figure 8A ). The qPCR showed that the virus proliferated slowly in the CM in a time-dependent manner ( Figure 8B ). To verify whether the CM were damaged, three heart enzymes, AST, LDH, and CK, were measured. The levels of the enzymes did not differ between the FAdV and control groups ( Figure 8C-E) . Transmission electron microscopy showed that the cells infected with FAdV-4 did not have ultrastructural pathological changes, and the organelles were not affected, and there were no viral particles in the cells after 72 h infection ( Figure 8F) .
Cytokine genes il1B, il6, il8, and tnfα in the FAdV group were not significantly over-expressed or lowly expressed in comparison to the control group (Figure 9A-D) . Secretion of IL-6, IL-8, and TNF-α was consistent with mRNA expression and did not differ significantly from that in the control group ( Figure 9F-H ). There was a significant increase in IL-1β release at 36 and 48 h after infection ( Figure 9E ).
In vitro, flow cytometry and TUNEL staining showed that CM infected with FAdV-4 did not show apoptosis compared with the control group (Figure 10 ).
DISCUSSION
HPS is characterized by pericardial effusion and high mortality in diseased chickens (Pan et al., 2017; Shah et al., 2017) . Generally speaking, most of the dead chickens die of heart failure. A small amount of liquid forming slowly in the pericardial cavity does not immediately lead to much harm. When more fluid gathers, the elevated pressure of the pericardium is significantly higher than that of the ventricular diastolic pressure, which leads to impaired filling of the cardiac cavity, and the pericardial plug follows. Then, a decrease in cardiac output results in cardiac dysfunction (Steen, 2004) . The results of the present study indicated that FAdV-4 impaired heart integrity and function. However, cardiac dysfunction was caused by a direct effect of the virus on the myocardium, blood circulation disorders, or some other effect of the virus, resulting in pericardial effusion, further affecting cardiac function.
We found that the time of onset of pericardial effusion in the infected chickens was 3 to 5 dpi. Apoptotic CM were seen at 3 and 5 dpi in a time-dependent manner. CM apoptosis occurs in the development of various cardiovascular diseases, such as myocardial infarction and ischemia/reperfusion, which has been shown to contribute to the progression of heart failure (Wu et al., 2016; Foglio et al., 2017) . Flow cytometry showed that CM infected with FAdV-4 did not show apoptosis. Therefore, CM apoptosis may occur after the formation of pericardial effusion and not from a direct effect of the virus on CM. No typical pathological changes The ratio of wet weight and dry weight in lungs and kidneys were significantly higher than in the control group at 3 to 5 and 4 to 5 dpi, respectively, and brain showed no significant difference compared with the control group. Data are expressed as mean ± SD (n = 5 chicken per group). Asterisks indicate significant differences compared with the control (P < 0.05, by independent-sample t-test analysis).
of viral myocarditis were found, including disorder of myocardial fibers, necrosis of CM, and interstitial inflammatory cell infiltration (Chang et al., 2017) .
Further investigations were carried out to elucidate the formation of pericardial effusion, which was a key problem. To explore the source of pericardial effusion, the components of pericardial effusion were determined throughout the study. We found no differences in concentration and activity of virus, K + , Na + , Cl − , TP, ALB, and three cardiac enzymes between serum and pericardial effusion within infected groups. Therefore, we demonstrated that pericardial effusion was derived from vascular exudation rather than CM degeneration. A correlation between components of pericardial effusion and histological findings was observed and edema of other organs (lungs and kidneys) was noticed between 3 and 5 dpi. As reported previously, a decrease in colloid osmotic pressure was observed due to ALB synthesis disorder (Ookawara et al., 2014) . Consistent with decreased colloid osmotic pressure in the hydropericardium, the clinical chemistry was observed in IBH . Nevertheless, chickens with IBH do not have symptoms of pericardial effusion (Maartens et al., 2014; Morshed et al., 2017) . Hence, it can be hypothesized that colloid osmotic pressure was not a key causative factor in the occurrence of pericardial effusion, but damage to vascular endothelial cells led to increased permeability. A decrease in colloid osmotic pressure can only have a supplementary role. It would be interesting in further studies to elucidate the exudation mechanism of vascular endothelial cells in FAdV-4 infection.
We also analyzed the effect of FAdV-4 on CM. The results demonstrated that virus proliferation increased, but the viral load was not high. The mRNA expression of four inflammatory cytokine genes (il1B, il6, il8, and tnfα), and activity of three myocardial enzymes differed in vivo not in vitro. These observations collectively indicated that the heart is not the target organ of FAdV-4, and the virus may not directly lead to the occurrence of CM inflammation. Within the heart, there are many kinds of cells, such as vascular endothelial cells, peripheral blood mononuclear cells and CF (Piek et al., 2016) , so the process of inflammation is complicated. Recent reports show that during adenovirus type 5 cell entry, multiple pattern recognition receptors are activated, and IL-1β release from human macrophages is dependent upon Toll-like receptor 9 or NLRP3 inflammasome recognition of viral DNA (Cerullo et al., 2007; Appledorn et al., 2008; Di-Paolo et al., 2009; Iacobelli-Martinez and Nemerow, 2007; Tibbles et al., 2002; Muruve, 2004; Nociari et al., 2007; Zhu et al., 2007; Muruve et al., 2008) . Our study confirmed that FAdV-4 can also induce IL-1β release in CM.
Other studies have implicated the effects of FAdV-4 on NLRP3 inflammasome activation and related mechanisms. It has been suggested that internalized adenovirus DNA activates intracellular NLRP3 and downstream signaling that involves caspase-dependent activation of IL-1β (Muruve et al., 2008) . Moreover, IL-1β is an important contributor to myocardial dysfunction (Fallach et al., 2010) , apoptosis (Sandanger et al., 2013; Wang et al., 2017) , increased chemotaxis of leukocytes at the damaged site, and aggravation of the damage through multiple pathways (Rathinam et al., 2012; Rubartelli, 2012) . In vitro, IL-1β release in CM did not lead to myocardial dysfunction. These results were in agreement with previous findings that directly challenging CM with IL-1β alone did not induce apoptosis and dysfunction . Thus, we believe that myocardial apoptosis in vivo is the result of a synergistic effect between paracrine and autocrine factors. It would be interesting to investigate whether suppressing NLRP3 inflammasome activation to attenuate myocardial dysfunction further weakens or eliminates pericardial effusion.
CONCLUSION
In conclusion, chicken with FAdV-4 infection showed serious pericardial effusion and acute heart failure with some myocardial injury, severe inflammatory response, and apoptosis. However, the susceptibility of CM to FAdV-4 was not high. The formation of pericardial effusion was due to plasma exudation rather than degeneration of CM.
